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ABSTRACT 

This report describes and compares the technical and cost issue 
of flush and edgewise folding of the rotor blades for a Stowed 
Tilt Rotor Aircraft.  Four different folding actuation schemes 
are presented.  A cost saving recommendation is also made for 
the hub casting. 

m 



TABLE  OF  CONTENTS 

SECTION PAGE 

1.0           INTRODUCTION  1 

2.0           SUMMARY AND   RECOMMENDATIONS  3 

3.0          DESCRIPTION OF ALTERNATE DESIGN CONCEPTS.    ... 5 

3.1 BASELINE  DESIGN  FLATWISE  FOLDING 
SCHEME   1  5 

3.2 ALTERNATE DESIGNS  12 

SCHEME 1 FOR EDGEWISE FOLDING  12 
SCHEME 2 FOR FLAT OR EDGEWISE FOLDING. . . 14 
SCHEME 3 FOR FLAT OR EDGEWISE FOLDING. . . 14 
SCHEME 4 FOR FLAT OR EDGEWISE FOLDING. . . 14 

4.0    TECHNICAL CONSIDERATIONS  20 

4.1 PERFORMANCE  20 
4.2 WEIGHTS  20 
4.3 FOLD LOADS  23 
4.4 AIRCRAFT" STABILITY  2 3 
4.5 DYNAMICS  23 

5.0    QUALITY ASSURANCE  26 

5.1 MAINTAINABILITY  26 

MAINTAINABILITY CONSIDERATIONS COMMON 
TO ALL BLADE FOLD SCHEMES  26 

MAINTAINABILITY CONSIDERATIONS OF 
INDIVIDUAL BLADE FOLD SCHEMES  28 

5.2 RELIABILITY  30 
5.3 VALUE ENGINFFRING  41 

COSTING SYSTEM AND GROUND RULES  42 
FOLDING SCHEME & ACTUATOR TRADE OFF. ... 42 

VALUE ENGINEERING ANALYSIS OF THE HUB 
STRUCTURE  46 

6.0    REFERENCES  55 

iv 

m.m mum 



""■   'II' ■«M ^^ 

LIST   OF  TABLES 

TABLE TITLE PAGE 

4-1 WEIGHTS   SUMMARY   -  ALTERNATE  DESIGN 
CONCEPTS  22 

4-2 AIRCRAFT WEIGHT SUMMARIES  24 

5-1 RELATIVE RELIABILITY SUMMARY  32 

5-2 SCHEME NO. 1  RELIABILITY SUMMARY  3 3 

5-3 SCHEME NO. 2  RELIABILITY SUMMARY  35 

5-4 SCHEME NO. 3  RELIABILITY SUMMARY  37 

5-5 SCHEME NO. 4  RELIABILITY SUMMARY  39 

5-6 COST SUMMARY - ALTERNATE DESIGN CONCEPTS. . . 43 

5-7 STEEL HUB PRODUCTION COST PER AIRCRAFT. ... 49 

5-8 TITANIUM HUB PRODUCTION COST PER AIRCRAFT . . 50 

■■-■ ■ ■■■--■■ 



11, —Lii-i.» m,Wmi ummmmmwmBBV* \i^m*^m*w*w*mm^^*rrm**™mmm    'fj' 

LIST  OF   ILLUSTRATIONS 

FIGURE                                                            TITLE PAGE 

1 BASELINE  FLUSH   FOLDING METHOD  2 

2 EDGEWISE  FOLDING  METHOD  2 

3 ROTOR HUB AND   BLADE  FOLDING ASSEMBLY     6 

4 ROTOR  BLADE  FOLD   SEQUENCE  8 

5 SCHEME   1   FOR   EDGEWISE  FOLDING  13 

6 SCHEME   2  WITH   ELECTRIC  MOTOR ACTUATION   .... 16 

7 SCHEME   3  WITH  COLLECTOR  RING ACTUATION   .... 17 

8 FAILSAFE ACTUATOR  FOR  BLADE  FOLDING  19 

9 EFFECT  OF  NACELLE DRAG  FOR  EDGEWISE 
FOLDING  ON PAYLOAD   RADIUS  21 

10 BLADE  LOADS  COMPARISON FOR  EDGEWISE  AND 
FLATWISE  FOLD  25 

11 RELIABILITY  FUNCTIONAL  BLOCK DIAGRAM 
FOR  SCHEME   1  34 

12 RELIABILITY  FUNCTIONAL  BLOCK DIAGRAM  FOR 
SCHEME  2  36 

13 RELIABILITY  FUNCTIONAL  BLOCK DIAGRAM  FOR 
SCHEME  3  38 

14 RELIABILITY  FUNCTIONAL  BLOCK DIAGRAM  FOR 
SCHEME 4  40 

15 CLAMSHELL  HUB  DESIGN  47 

16 COST  OF  STEEL  HUBS   FOR  250 AIRCRAFT  51 

17 COST  OF  TITANIUM  HUBS   FOR  250  AIRCRAFT   .... 52 

18 MANUFACTURING  HOURS  PER STEEL  HUB  53 

19 MANUFACTURING  HOURS   PER  TITANIUM HUB  54 

VI 

-- - i i —: —■—i—Mi 



■P 

LTST   OF   SYMBOLS 

R NUMBER  OF   FAILURES   PER   FLIGHT  HOUR 

T OPERATING  MISSION   TIME   IN   HOURS 

0^F FUSELAGE  ANGLE  OF  ATTACK   IN  DEGREES 

dF FLAP   ANGLE   IN  DEGREES 

^CMACL AIRCRAFT   PITCHING  MOMENT  DERIVATIVE  WITH 
RESPECT  TO  AIRCRAFT  LIFT 

^ CD INCREMENTAL  AIRCRAFT  DRAG  COEFFICIENT 
BASED   ON WING  AREA 

"X FAILURE  RATE,    FAILURES   PER   FLIGHT  HOUR 

VI i 



1.0   INTRODUCTION 

The Value Engineerinq program described in this report, compares 
the relative merits of two different methods of folding the rotor 
blades on the Stoppable Hotor Concept: 

1. Baseline Flush Folding Method  (Figure 1) 

2. Edgewise Folding Method (Figure 2) 

Four different methods of folding actuation are compared: 

Scheme #1.  (Baseline) Hydraulic Rotary Vane Actuator 
mounted internally in the hub. 

Scheme #2.  Ball Screw Fold Actuators driving each blade 
ind ividually. 

Scheme #3.  Linear Hydraulic Actuator driving a collector 
ring to synchronize blade fold. 

Scheme #4.  Same as No. 2 but the electric actuators are 
replaced by the failsafe hydraulic actuators. 

The failsafe ball acrew actuator used in folding method 4 was designed 
under USAF Contract FJ:3615-69-C-1570 for application as the nacelle 
tilting actuator for a tilt rotor aircraft and a patent application 
has been filed. 

The two methods for blade folding and the four schemes for actuation 
are compared from a technical point of view as well as product 
assurance considerations.  Aircraft performance, weight, blade fold- 
ing loads, blade dynamic stability and aircraft stability and control, 
maintainability and reliability are discussed 

In addition, the cost savings from an alternate clamshell concept 
for manufacturing the hub is presented. 

A total of 836 manhours were spent in the performance of the work 
covered in this report. 
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Figure   1,     Baseline  Flush  Folding  Method 

Figure   2.     Edgewise  Folding  Method 
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2.0 SUMMARY AND RECOMMENDATIONS 

A value engineering study was conducted to accomplish the follow­
ing objectives: 

a) Compare flatwise and edgewise folding from technical 
and product assurance points of view. 

b) Identify weak points in the baseline design and 
evaluate alternate schemes. 

c) Recommend a design for further development. 

Four alternate schemes were evaluated for each folding method. 
A study was also performed on an alternate hub design to reduce 
manufacturing cost. 

Flatwise folding was found to be superior to edgewise folding for 
the following reasons: 

a) A 25% increase in airplane drag was measured for the 
edgewise method from the greater exposure of the 
blade, and from the slots between blade and nacelle, 
(Section 4.1). This can be reduced somewhat by pro­
viding seals between the nacelle and the nesting 
blade. 

b) An estimated 280-pound increase in weight empty 
(0.63% W.E.) results from the structural changes and 
seals required to provide edgewise folding, (Section 
4.2). Further increases in weight will result from 
increased fuel for the mission and growth of the 
aircraft required to perform the mission due to the 
increased drag and weight. 

c) Blade loads are slightly lower for flatwise folding 
but are not critical for either method, (Section 4.4). 

d) The maintainability of the nacelle wells for edge­
wise folding requires heating and drainage and fre­
quent cleaning to prevent foreign m~tter and ice 
formation, (Section 5.1). 

e) The nacelle for flatwise folding is simple~ and cheaper 
to manufacture. Ther _s a negligible increase in 
complexity and cost from the flatwise fold blade angle 
control schedule requirements, (Section 5.3). 

3 



Scheme 4 with the failsafe ball screw actuator is shown to be 
superior for the following reasons: 

a) Maintainability of the system is easy.  It is 
completely accessible with no in the way components. 

b) The safety reliability of the failsafe jackscrew 
actuator is several orders of magnitude better than 
Schemes 1, 2 and 3. 

c) The overall weight of Scheme 4 is estimated to be 
118 pounds lighter than Scheme 1. 

d) The cost of Scheme 4 is higher than Scheme 2. This 
cost can be reduced to be comparable to Scheme 2 by 
redesigning the system to use a single actuator and 
linkage arrangement. 

The clamshell hub concept developed by value engineering design ia 
27% cheaper for a steel hub and 22.3% cheaper for a titanium hub 
than the baseline one piece hub. 

Recommendations 

A detailed design of the folding mechanism required for the flatwise 
folding using the failsafe fold actuator (Scheme 4) should be per- 
formed . 

A design should be initiated to utilize one failsafe actuator on 
the front of each hub and a linkage arrangement to fold all blades 
simultaneously. 

A failsafe actuator should be designed, built and tested. 
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3.0 DESCRIPTION  OF  ALTERNATE  DESIGN CONCEPTS 

In  this   section  of   the value  eiqineering   report  the baseline   flatwise 
folding  method  with   tho vane   type  blade   fold  actuator  mechanism 
shewn  in  Reference   1  will  be  briefly  described.     The weak   points   in 
the design   are  discussed  and   the  alternate  schem3s  are  presented. 

3.1 BASELINE   DESIGN  FOR FLATWISE  FOLDING   (SCHEME   1) 

a) General 

The rotor system uses hingeless or rigid typo rotor 
blades in which the hub has provision for blade 
folding, cyclic and collective pitch change, and 
feathering preparatory to folding.  There are no 
mechanical hinges for flapping or lag-rotor-blade 
motion. 

b) Desct iption of Folding Tilt Rotor Hub and Fold Mechanism 

Figure 3 shows the basic featur-ö currently en- 
visioned as necessary in the folding-tilt-rotor 
hub mechanism.  The basic four bladed propeller 
hub mechanism consists of a central octagonal box 
structure with a family of lugs arranged in a 
pattern of four sets around each blade station. 
These lug sets fit exactly with mating lug sets in 
each pitch change bearing housing. 

The aft two sets of lugs, at any discrete blade station, 
are constantly in mesh with the matching lug sets in 
the pitch housing via the blade fold hinge pins. 
The other set of lugs in each respective member is 
provided to selectively lock the blade pitch change 
bearing housing in rotor flight, or to release the 
blade housing during the fold cycle.  A set of two 
hydraulically-locked pins for each blade are en- 
gaged to provide positive blade retention.  The 
blade folding motion (approximately 90°) and syn- 
chronization is accomplished by the outer folding 
link, and the hydraulic rotary vane folding actuator. 
The blade folding motion is accompanied by pitch 
change motion as shown in Figure 4 which rotates the 
blade to a flat position during the last portion of 
the foldback angular notion.  This pitch change 
with fold motion is provided by a piston and roller 
assembly riding in parallel, keyway-type slots with 
helical cam slot endings connected to the outer 
fold links. 
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BLADE   FEATHERED 

60-DEGREE 
FOLDBACK  ANGLE 

30 
DEGREES 

/  90-DEGREE 
"^-FOLDBACK 

Figure 4 .       Rotor Blade Fold  Sequence, 
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Thus, at the initiation of blade folding, the blade 
is in a feathered position.  The parallel keyway 
type slots acconmodate the constant feather angle with 
fold needed, until, at the last instant of travel, 
the blade is rotated by the helical cam slots. 

The outer fold link provides the torsional con- 
nection between the piston and the blade retention. 
When the blade is deployed (rotor flight position), 
the outer fold link is pulled into the keyway-grooved 
cylinder by the piston.  A pair of interlocking jaw 
faces are brought into mesh, thus providing a solid 
high-torsional-rigidity connection between the 
pitch change sleeve and the blade.  The hub reten- 
tion area is, therefore, prepared for fully effec- 
tive rotor flight control. 

c.  Pitch Change Mechanism 

Pitch change is accomplished through a dual- 
hydraulically-powered helicopter-type control swash- 
plate which transmits blade pitch change, through 
pitch links, to the blade pitch change sleeve.  Dif- 
ferent pitch link motion requirements at the end 
attachment to the swashplate and pitch arm have dic- 
tated the use of a pitch link with an integral 
spherical end bearing at the swashplate end and a 
conventional rod end bearing at the pitch arm end. 

The swashplate assembly is gimbal-supported on a 
translating tube to allow for collective pitch and 
feathering pitch change.  This sliding tube forms 
the primary structural component of the actuation 
package which, in addition to supporting the swash- 
plate, houses dual hydraulic collective actuators 
and a collective lock unit.  A dual pitch actuator 
system mounted at the forward end of the tube con- 
trols swashplate tilt for cyclic pitch change. 

The actuation package is contained in the hub and 
transmission-mounted controls support tube (stack) 
with actuator forces reacted by the forward support 
thrust bearing.  Control moment forces are reacted 
by the same bearing and by a steady mount at the aft 
face of the transmission.  The control support thrust 
bearing transfers the actuator reaction forces into 
the hub structure so that the aft steady mount trans- 
fers only shear and torque reaction forces to the 

— - -=-■■■ 
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transmission end cover.  The swashplate rotating on 
the ring is driven by the rotating hub through a 
pair (for balance) of active drive shoes and backup 
or safety drive shoes.  These shoes ride in appropriate 
drive slots. 

d. Lubrication Systems 

All baarings are oil lubricated.  The complete pitch 
change machanism and blade retention systems are 
totally enclosed by a controls cover, which also 
serves as a rotating oil sump, and a set of elastomsr 
boots, one at each blade station.  While the system 
is rotating, oil is continually supplied to the 
bearings from a central oil gallery which is supplied 
with oil picked up by a non-rotating scoop tube im- 
mersed in the rotating oil sump.  Oil retention cups 
are provided at all rolling element bearings so that 
a "safe" oil supply is maintained for startup and tor 
loss of sump oil through oil seal failure or battle 
damage. 

e. Rotor Indexing Lock 

Provision must be made in the rotor system to stop the 
rotor at either of two discrete locations, so that 
folding and accurate stowing of the rotor blades may 
be achieved.  In previous studies, a rotor brake and 
an indexing drive motor were proposed to accomplish 
this procedure.  However, in this report a less compli- 
cated method is proposed (see Figure 3).  This provi- 
sion consists of two hinged locking dogs, which, 
during operation at. normal rotor rpm, are forced out- 
ward by centrifugal force.  These locking dogs spring 
inward when rpm is reduced, and they depress two 
spring-loaded latches as they pass over them.  A 
feather blade pitch is selected that will, after 
stopping the rotor, aerodynamically initiate reverse 
rotation.  The dogs then contact the reverse (upright) 
faces of the latches and the rotor. 

This contact operates a micro-switch within the latch 
which triggers an electro-hydraulic locking bolt that 
positively locks the rotor in position.  Cross-coupling 
of the micro-switches and contact sensing of locking 
dogs would insure against switch failure or rotor 
bounce. 
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f.  Spinner 

An aerodynamic spinner is designed in three sections. 
The forward or nose section is quickly removable to 
provide access to rotor system test points.  The 
mid or ogive section covers the general area of the 
rotating oil sump and may also be built in several 
radial segments for easy removal and fabrication. 
The aft or skirted section is contoured to fit around 
each blade station and carries hinged doors which ex- 
tend and retract in phase with the blade fold motion 
thereby providing smooth aerodynamic fairing over the 
retracted folded blades.  All spinner shells are made 
of fiber glass-honeycomb construction and attach to 
substructure frames built over the forward hub and 
controls cover region. 

g.  Blade _Vernier _Ad j_us tmant _- _Track i_nj 

Blade pitch vernier adjustment is provided for by 
using a screw jack operated dual spline concept. 
The dual spline sleeve consists of a helical spline 
and a straight spline.  The axial motion, imparted 
to the dual spline sleeve by the screw jack, positions 
the blade with respect to the jaw clutch plate, and 
thus, provides a positive blade tracking means.  All 
adjustment is provided with positive lock means to 
insure continuous safe operation at any setting. 

h.  Aids 

Provisions are made for locating a rotor systems ground 
test panel and slip rings on the forward face of the 
controls cover (rotating sump).  These items would be 
a part of a failure detection indication system for 
the non-rotating components.  Provision could be 
made for ground check-out during general maintenance 
inspections, or, if desired, an advanced version could 
be developed to provide cockpit readout.  Advanced 
systems will probably require that this second system 
be specified as standard equipment in the future. 
Structural integrity or condition monitors can be 
used in many of the subsystem areas to enhance in- 
flight safety, and to insure flying in safe time 
periods on all components. 
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i•  Safety Features 

A zero-degree cyclic pitch lock is incorporated into 
the cyclic actuator system to insure that there will 
be no cyclic pitch present on the rotor when the 
nacelle is in the full down position.  This lock is 
mechanically capable of holding the swashplate stable 
at zero-degree cyclic in case of loss of hydraulic 
power to the cyclic actuators in propeller mode.  At 
the aft end of the collective actuators, the infinite 
position lock, with emergency electrical override for 
feathering (a manual pitch) change, is provided for 
additional safety in transition in case of loss of 
sufficient hydraulic power to the collective-feathering 
actuator. 

3.2   ALTERNATE DESIGNS 

The criteria for edgewise folding of the rotor blades is basically 
the same da for flush folding, except that the blade is not rotated 
and fits into slits cut into the nacelle as shown in Figure 2. 
Before any mechanical system is evolved for an edge-fold configuration, 
a critical analysis of the baseline configuration is in order, to 
expose any weak points in the design. 

Two points come readily to mind, namely: 

a) The hydraulic rotary vane actuator requires the 
disassembly of the hub for maintenance.  Also, 
for some types of failure it not failsafe. 

b) The outer fold link has two universal joints, the 
failure of which would disengage the blade from 
the folding mechanism. 

Therefore a scheme which eliminates reliance on non-redundant mechan- 
isms would be an improvement. 

Scheme 1 for Edgewise Folding 

This design is exactly the same as the baseline configuration except 
that the cam follower roller track in the pitch change sleeve is 
straight instead of curved and the nacelle has slits cut into it to 
allow the trailing edge of the blade to nest inside the nacelle. 
Pneumatic seals are provided to seal the blade against the nacelle. 
Figure 5 shows the nacelle and wing structural arrangement needed to 
accommodate edgewise folding. 
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Scheme 2 for Flat or Edgewise Folding 

This design uses the same mechanism as Scheme 1 for the basic 
blade fold operation but eliminates the hydraulic rotary vane actu- 
ator.  In its place a ball screw driven by an electric gear motor 
provides the motive power for folding as shown in Figure 6.  The 
outer fold link is used in this configuration, only to lock the 
blade pitch change function. 

Scheme 3 for Flat or Edgewise Folding 

This scheme, shown in Figure 7, depicts a different configuration 
of folding actuator.  In this design a collector ring slides on the 
rotor hub housing, powered by foar linear hydraulic actuators. 
These actuators are grounded out into a support ring which also is 
utilized for pressure aid return galleries for the hydraulics. 
The support ring is fixed to the four blade barrels of the hub. 
The collector ring has 4 pairs of links which attach to the blade 
retention housing, one pair per housing.  A longitudinal movement 
of the collector ring folds or deplys the blades.  The outer fold 
link is used in this configuration only to lock the blade pitch 
change function. 

Scheme 4 for Flat or Edgewise Folding 

The basic method is the same as Scheme 2 but the electric actuator 
is replaced with the hydraulic failsafe actuator shown in Figure 8. 
This is a Boeing device (patent pending) that ensures full stroke 
in the event of any single failure, e.g., jamming, power failure, 
etc.  It was developed under USAF Contract F33615-69-C-1570 and is 
described in Reference 3, and some of the advantages are described 
below. 

Non-jamming Ball Screw Linear Actuator 

The actuator shown in Figure 8 consists of a free floating ball 
screw shaft on either end of which is mounted a ball nut driven 
through an EPI cyclic gear train by a power unit.  The initial 
drive from the power unit is through a two way "No-Back" which locks 
the gear system to ground when the power unit is not producing torque. 
A ball spline synchronizing shaft which also acts as a "No-Back" 
unlock signal (unlocks the "No-Back"  in the event of a power unit 
failure on that side) drives through a differential gear train. 
The ball screw shaft is restrained to a linear motion by a keyway 
cut in the s>aft for the full length of the shaft.  In the event of 
a ball nut jamming on the screw, the opposite side continues to 
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function and drives the nut for the full stroke or whatever incre- 
ment of screw is left when the jam occurs.  The ball screw shaft is 
made up of two concentric rods so that for a break in either, the 
shaft remains functional.  The advantages are as follows: 

a) The actuator will provide a full stroke in a 
jammed condition. 

b) The actuator can sustain a power loss without 
loss of function. 

c) The actuator can sustain a break in one concentric 
shaft without loss of function. 

To produce similar reliability in this type of system would require 
two actuators, jamming of either actuator would cause total loss of 
functions.  Linear actuators have been produced which will give 
half stroke under jammed condition, but none which will give full 
stroke. 

15 
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4.0 TECHNICAL CONSIDERATIONS 

In this section the two different methods of blade folding, flat- 
wise and edgewise, are compared from the standpoint of performance, 
weight, fold loads, airplane stability and control and blade dy- 
namics.   The results from the design studies and wind tunnel tests 
of Phases 1 and 2 of the contract are summarized here. 

4.1 PERFORMANCE 

Figure 9 developed from data in Reference ]g, shows that the base- 
line flatwise folded aircraft has a better payload-radius capability 
because airplane drag is lower by ACp = .0080 for the flatwise 
fold aircraft.  To achieve comparable performance, the edgewise 
folded aircraft would need: 

1. 2300 pounds more fuel (at max fuel for 
comparable payload) 

2. 67r more horsepower, and be 

3. 8000  pounds heavier at takeoff gross weight 

4.2 WEIGHTS 

A weights summary comparing the delta weights between four different 
actuation methods for stowing the rotor blades described in Section 
3 is presented in Table 4.1.  Scheme 1 is the basis for the compar- 
ison since it represents the weights included in the original stowed 
rotor report. Reference la.  Weights were determined by estimating/ 
calculating from layout drawings and from actual weights of exist- 
ing aircraft using similar components. 

Table 4.1 does not include the weights of items which are common 
to all the concepts.  Weight deltas are shown only for those items 
which represent differences between the concepts as in the case of 
the type and number of actuators, mechanical linkages, etc.  The 
weights presented are based on folding the blades flush against the 
nacelle pod. 

The weight penalty associated with folding the blades edgewise 
against the nacelle pod is an additional 280 pounds per aircraft 
(140 pounds per rotor assembly).  Approximately 80 pounds of this 
penalty is attributed to the additional structure required to provide 
the deep cutouts necessary for edgewise folding.  The remaining 200 
pounds is the estimated weight of the pneumatic tube system and its 
installation required to lock and seal the folded blades to the na- 
celle pod.  This is described in Section 3. 
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Table 4.2 includes the summary weight statement of the oriqxnal 
proposed stowed tilt rotor aircraft, Column (1) and the revised 
weight statements of the recommended concept with flush folding 
blades  Column   (2)   and   edgewise   folding blades.   Column   (3). 

4.3 FOLD   LOADS 

The results from the folding tests on the 1/9 scale Model 213 
(Reference lg) did not favor one blade foldiny method over the 
other from a blade load point of view.  The steady loads were 
slightly less for the flatwise method us shown in Figure 10 but 
the highest loads in flap bending were only a half of the loads at 
normal operating RPM, and the highest chordwise loads were only one 
third.  Alternating blade loads were too low to be measured accurately, 

4.4 AIRCRAFT STABILITY 

The impact of blade folding on stability is to increase the total 
aircraft stability by removing the unstable rotor contribution. 
Folding the blades flatwise provided a configuration with lower 
drag than when folded edgewise but there is no difference between 
the two configurations in aircraft stability.  Data obtained from 
Test Program IV (Reference 1(g) indicated that the rotor contribution 
to aircraft stability, ^CM/^ CL  of 0.17, was eliminated by folding 
the blades resulting in a stable aircraft with a ^. C^/-) C-,   of 
-0.29 for both methods of blaae folding. 

4.5 DYNAMICS 

The blades  were   stable  throughout   the   fold   cycle for  both   flatwise  and 
edgewise   folding  schemes   as  determined   from visual   observation, 
movies  and  data   from Test  Program  IV,   Reference   lg. 
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5.0 QUALITY  ASSURANCE 

In this section the maintainability, reliability and value engineer- 
ing aspects of the two methods for blade folding, the flat and edge- 
wise, are compared and the four schemes of blade folding, using 
different concepts are compared, 

5.1 MAINTAINABILITY 

The assumed mission for the stowed tilt rotor aircraft is to pro- 
vide tactical air support in forward combat areas.  This means that 
these aircraft will be deployed in small numbers with an absolute 
minimum of support personnel and equipment.  In most cases, several 
aircraft will be deployed to an unprepared area with only pilots, 
crew chiefs, and mechanics for operational personnel and only the 
tools required for daily maintenance and inspections.  This element 
is then expected to function effectively for 2 to 4 weeks before 
being resupplied with anything more than food and ordinance, during 
which time there will be no facilities for teardown inspections or 
repairs to the aircraft, and all maintenance will be performed in 
the open.  In summary, the aircraft along with all of its direct 
support personnel and equipment, must be self-deployable to meet 
the USAF tactical aircraft requirements of the 1980's. 

In view of the above mission requirements, the following maintain- 
ability considerations should be investigated during detailed de- 
sign.  Maintenance manhours cannot be provided at this stage of 
design until more details are defined. 

Maintainability Considerations Common to all Blade Fold Schemes 

Lubrication System: 

1. Provisions for adequate oil scavenge and filtration 
system. 

2. Method of assuring adequate lubrication of blade re- 
tention bearings. 

3. Hydraulic leak contamination of lubrication oil. 

4. Air-oil mist system precludes access plates in the 
aerodynamic spinner; complete drainage and removal of 
spinner is required prior to any inspection or main- 
tenance of rotor stack components. 

5. Effects of 90° nacelle rotation. 
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Hydraulic System: 

1. Complex   plumbing   may  not   bo  conducive   lo connection 
of  diagnostic,   prognostic,   and   functional   test 
equipment. 

2. Leakage  can  contaminate  hub  and   transmission 
lubricants. 

Control  Systems 7 

1. Mechanical flight controls will be highly in- 
accessible (fly-by-wire could alloviato problem and 
should be available in the 1980*3). 

2. Blade folding and unfolding operation will require 
closed loop sequencing control system common to both 
nacelles with numerous feedback sensors (and slip 
rings) on each rotor system. 

Blade Tracking: 

1. As currently envisioned, this system involves a highly 
sophisticated and expensive mechanism in the blade re- 
tention housing. 

2. The tracking adjustment can only be made with the blade 
folded.  Since the blades cannot be folded on the 
ground, they must be removed and replaced each time a 
tracking adjustment is made.  (it is suggested that 
adjustable pitch links would solve this problem - if they 
could be made accessible through the spinner). 

Edgewise vs Flat Folding: 

1.  Edgewise Folding - The edgewise folding only simplifies 
the rotor kinematics by allowing the pitch change sleeve 
cam track to be a straight cut rather than a spiral. 
The load changes may somewhat improve the cam roller 
follower reliability in the edgewise configuration but 
the magnitude is not likely to be significant as dis- 
cussed earlier.  The edgewise folding blade wells in 
the nacelles will require adequate drainage and heating 
to prevent ice formation and will require pre- post-flight 
cleaning to prevent accumulation of foreign matter.  Any 
airload distortion of the blade during the final phase 
of folding could prevent proper alignment of the blade 
with its well and cause blade/nacelle damage in addition 
to an aborted fold cycle. 
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2.  Flat Folding - The flat folding scheme requires only the 
spiral cam track in the pitch change sleeve as a kine- 
matic change to the rotor system.  The "scalloped" na- 
celle shape will be less complex and easier to inspect 
and repair than the "star" nacelle required for the edge- 
wise folding.  Blade alignment with the nacelle during 
the final phase of folding should be less critical in 
the flat folding configuration. 

Maintainability Considerations of Individual Blade Fold Schemes 

Folding Scheme 1 

Servicing - No way to identify actuator servicing requirement 
except by degraded performance.  No apparent way to service 
with fluid.  Leakage will contaminate hub lube oil. 

Inspection - Visual inspection not possible, functional check 
not possible on ground, no provisions for test points to allow 
adequate inspection without physical removal of actuator. 
This type of inspection is not available to tactical units 
due to lack of required GSE and skill levels. 

Accessibility - Minimum of 30 manhours and intermediate 
maintenance level GSE/skill levels, are required to remove, 
inspect, and replace this actuator.  "in-the-way" components 
which must also be removed to gain access are spinner, oil 
reservoir, rotor blades, cyclic pitch actuators, swashplate, 
and rotor hub. 

Survivability - inaccessibility will reduce susceptibility 
to incorrect maintenance (Murphy's Law). Air-oil mist en- 
vironment will reduce actuator exposure to corrosive agents. 

Maintenance Concept - At tactical level, no corrective 
maintenance actions are feasible.  All maintenance, in- 
spections, and repairs would be performed at a higher main- 
tenance level. 

Folding Scheme 2 

Servicing - None required for sealed electric motor.  Trunnion 
mounted ball nut must have provisions for integral wiping 
and lubrication of jackscrew portion of actuator.  Periodic 
filling of trunnion mounted ball nut with suitable lubricant 
will be required. 
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Inspection - Pre ana post-flight inspection of actuator for 
security of attaching hardware ana electrical connections. 
(Motor is hermetic "'~. lly sealed ana not conducive to internal 
inspection). Functio1al checks are possible for trouble­
shooting. 

Acc~ssibility - Completely accessible with no in-the-way com­
ponents ana a remove ana replace task time of 0.25 manhours. 
However, slip ring requirements may complicate this design. 

Survivability - To minimize exposure of jackscrew to the en­
vironment, an elastomeric dust cover should be provided be­
tween the trunnion mounted ball nut ana the outboard end of 
the jackscrew. ·This will restrict jackscrew exposure to the 
environment to those periods when the aircraft is in forward 
flight with the rotors stowed in the nacelles. Hermetically 
sealed motor is not exposed to the environment. Since the 
actuator is not an in-the-way component during inspection, 
ana requires no mechanical adjustments after initial install­
ation, it has a low exposure to Murphy's Law. 

Maintenan~e Concept - Purely remove ana replace at tactical 
level with repair actions only at depot level. 

Folding Scheme 3 

servicing - Hydraulic actuators do not require servicing but 
the actuator ring ana slider face must be cleaned prior to 
each flight. 

Inspection - Inspect actuators for evidence of leakage, 
actuator ring ana slider face for cleanliness ana wear, hard­
ware for cracks and security of attachment. 

Accessibility - All blade fold components are very accessible 
but the four actuators, eight fold links, actuator ring, 
slider face ana "oil can" are all "in-the-way" items for any 
maintenance actions on the cyclic pitch actuators, swashplate, 
pitch links ana internal hub components. The "oil can" 
structure must be relatively heavy to handle the fold link 
loads ana prevent the actuator ring from "cocking" on the 
slider face in the event of single actuator failure. Because 
of this it is unlikely that access plates can be provided in 
this section of the spinner. 

Survivability - Design is "Murphy Proof" from a maintenance 
point of view but exposed actuator ring ana slider face will 
be susceptible to abrasion ana corrosion. 
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Maintenance Concept - At the tactical level, maintenance will 
be limited to remove and replace actions with repairs and 
overhauls being performed at the Intermediate Maintenance 
level. 

Folding Scheme 4 

Scheme IV proposes the use of a fail operational hydraulic 
jackscrew actuator in place of the actuators proposed in 
Method 2.  The five discussed areas of maintainability are 
not significantly impacted by this change. 

5.2  RELIABILITY 

The Reliability analysis of the four rotor fold systems under con- 
sideration was performed using the following assumptions. 

1. Only Flight Safety malfunctions were considered. 
(Flight Safety malfunctions in this instance are 
defined as complete loss of function of any com- 
ponent within the system). 

2. By dictum, the rotary wing mode of operation comprises 
20% of total aircraft flight hours.  The entire 20% 
rotary wing exposure time was applied against the in- 
flight blade folding function. 

3. The rates presented here have been adjusted to reflect 
total aircraft flight hours. 

4. The rates predicted herein assume that; (a) a normal 
aircraft type inspection will be performed, or (b) 
condition monitoring aids will be incorporated, or 
(c) low TBO removal times will be in effect. 

CH-46/CH-47 major accident rates were used (with adjustments mentioned 
above) where similarity to component structure, environment, and 
function were apparent.  In addition, failure rate data (FARADA) 
handbooks were used to assist in making reasonable failure predictions. 

A comparison of the four systems shows that the main difference is 
confined to the blade fold force producing mechanisms. 

Scheme 1 uses a rotary hydraulic actuator and drive plate, an inner 
fold link (which is comparable to a pitch change link in function) 
and for each blade a cam track, follower, piston and cylinder.  The 
cam track changes from straight line to helical mode near the end 
of its travel to rotate the blade for flat folding. 
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Scheme  2   uses   tour  electro mechanical   jackscrew actuators   to pro- 
vide the motivation required  to   fold   the  four blades. 

Scheme  3   uses   individual  hydraulic  actuators,   and   links   for each 
blade  driven   through  a  common   slider  assembly   to  accomplish  the 
blade   folding. 

Scheme  4   is   the  same as   2  but   uses   hydraulic   jackscrews   to  provide 
motive   force. 

Schemes   1   and  4   appear  to be  the  most   reliable,   and   of   these 
Scheme  4   is  better  since  it   uses  a   fail-operational   actuator with 
fully duplicated   functions. 

Scheme   3   has   the most  operating   components,   thus   a  higher   failure 
potential.     Its  components,   like  those of  2  and  4  are  exposed  to 
the elements,   an advantage   for   inspections but  a   liability   from a 
reliability view.     Also,   unsymmetrical   folding   line   and/or  actuator 
loads  make   the   slider  ring  highly  susceptible  to   "cocking"  which 
would   jam   the   system. 

Although   it   is   understood   that   these  are  preliminary   numbers,   based 
on   limited   design  visibility,   and  are  not  absolute  values,   they 
are representative of  the relative merit of  the  systems  considered. 

It   is  apparent,   however,   that  advanced  state-of-the-art   techniques 
must be  employed   to  the  maximum  degree  in any design  of   this  critical 
nature  to  provide acceptable  flight   safety performance.     The  flight 
safety   (major  accident)   rate  for  the  entire CH-47C  aircraft   (total 
all   systems)   caused  by material   failures   is  43   per  million   flight 
hours.     The  predicted  number   for   the  347  model   106   is   25   per 
million,   of which  the autophase   system was  allowed  one  per  million. 
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TABLE   5.1      RELATIVE   RELIABILITY   SUMMARY 

SCHEME SAFETY RELIABILITY 
CATASTROPHIC FAILURES* , 
PER MILLION FLIGHT HOURS' 

1 99.9957 43.00 

2 99.9948 50.78 

3 99.9948 51.70 

4 99.9965 3 5.18 

CH-47C 
(Total A/C) 99.9957 43.00 

347-106 
(Total A/C) 99.9975 25.00 

♦Catastrophic failure means that there is a complete stoppage 
of the folding system.  Since the stowed tilt rotor air- 
craft has wings and a fan propulsion system and would be 
flying on these during folding/unfolding, a catastrophic 
failure may not result in the loss of the aircraft. 

I 
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TABLE 5.2  SCHEME 1 RELIABILITY SUMMARY 

COMPLETE LOSS OF FUNCTION IN-FLIGHT BLADE FOLD SYSTEM 

SEQ.I DESCRIPTION OF COMPONENT QPA 
R 

COMPONENT SYSTEM 

1 
I 

: 2 
I 
! 3 
i 

! 4 

5 

8 

9 

ilO 

11 
i 
12 

i 

I 
113 

14 

15 

Collective pitch Actuator 

Swashplate 

Pitch Change Links 

C.F. Act. Indexing Dog. 

Latch 

Micro Switch 

Electrical Hyd. Lock 

Locking Pin Assy 

Blade Fold Hyd. Rotary Act, 

Blade Fold Act. Link Plate 

Inner Fold Link 

Piston Assembly & Cylinder 

Universal Joint 

Outer Fold Link 

jaw Coupling 

2 

2 

8 

2 

2 

2 

2 

16 

88 

1.00000125   .00000250 

.00000062 j .00000124 

00000022 ! .00000176 

00000150 i .00000300'. 

.00000150 

.00000150 

'.00000070 

.00000300J 

.00000300! 

.00000140' 

16  ,.00000095  j .00001520 

2  1.00000125 
! 

2  1.00000062 
i 

8   .00000022 

8  1.00000035 

00000011 

8  1.00000011 

.00000012 

.00000250 

.00000124 

.00000176 

.00000280 

.00000176 

.000C0088 

.00000096 

00004300 
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TABLE   5.3      SCHEME   2   RELIABILITY 

COMPLETE  LOSS   OF  FUNCTION   IN-FLIGHT   BLADE   FOLD   SYSTEM 

R 
SEQ. DESCRIPTION OF COMPONENT QPA   COMPONENT '  SYSTEM 

1 Collective Pitch Actuator 

2 Swashplate 

3 Pitch Change Link 

4 C.F. Act. Indexing Dog. 

5 Latch 

6 Micro Switch 

7 Electrical Hycraulic Lock 

8 Locking Pin Assembly 

9 Electro-Mech. Jackscrew Act, 

I Piston Assy. & Cylinder 

II Universal Joint 

12 Fold Link 
i   I 
13 I   Jaw Coupling 

8 

2 

16 

00000125 ,00000250 

00000062 : .00000124 

00000022   .00000176, 
i 

00000150 ' .00000300 

00000150 

00000150 

00000300 

00000300 

.00000070   .00000140 

00000095 ,00001520 

8  ,.00000195 | .00001560 
I 

8 .00000028 .00000224 

16 '.00000004 
I 

.00000064 

8 .00000003 .00000024 

8 ;. 00000012 .00000096 

84 .00005078 
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TADLE   5.4     SCHEME   3   RELIABILITY 

COMPLETE  LOSS   OF   FUNCTION  -   IN-FLIGHT  BLADE   FOLD   SYSTEM 

SEQ. DESCRIPTION OF COMPONENT 

R 

QPA  COMPONENT    SYSTEM 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

i 

Collective Pitch Actuator 

Swashplate 

Pitch Change Link 

C.F. Act. Indexing Dog. 

Latch 

Micro Switch 

Electrical Hyd. Lock 

Lock Pin Assy 

Blade Fold Hy. Actuator 

Slider 

Blade Fold Fixed Link 

Cylinder & Piston Assy 

Universal Joint 

Fold Link 

Jaw Coupling 

2   .00000125   .00000250 

8 

2 

2 

! 2 

2 

16 

8 

8 

16 

I 

.00000062 

.00000022 

.00000150 

.00000150 

.00000150 

.00000070 

00000095 

00000125 

2  ,.00000062 
! 

16   .00000033 

00000028 

00000004 

8  1.00000003 

8  i.00000012 

102 

.00000124 

.00000176 

.00000300 

.00000300 

.00000300 

.00000140 

.00001520 

.00001000 

.00000124 

.00000528 

.000002.24 

.00000064 

,00000024 

.00000096 

.00005170 
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for Scheme 3 
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TADLE 3.5  SCHEMD 4 RELIABILITY 

COMPLETE LOSS OF FUNCTION - IN-FLIGHT BLADE FOLD SYSTEM 

R 
SEQ. DESCRIPTION  OF  COMPONENT QPA       'COMPONENT   ''    SYSTEM 

: 7 

8 

i 

10 

i 
11 

I 

il2 
I 
13 

Collective pitch Actuator 

2 Swashplate 

3 Pitch Change Link 

4 C.F. Act. Indexing Dog 

5 Latch 

6 Micro Switch 

Electrical Hydraulic Lock 

Locking Pin Assembly 

Hyd-Mech. Jackscrew Act. 

Piston Assembly 

Universal Joint 

Fold Link 

Jaw Coupling 

00000125  .00000250 

J0000002  .00000124 

00000022  .00000176 

00000150  .00000300 

2 

2 

2 

16 

8 

00000150 00000300 

.00000150 ,.00000300 

.00000070 ,.00000140 

j.00000095 .00001520 

!3xl0"13 3xl0"13 

bly & Cylinder 8 .00000028 .00000224 

int 16 .00000004 .00000064 

8 .00000003 .00000024 

8 .00000012 .00000096 

84 .00003518 
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5.3  VALUE ENGINEERING 

Value Engineering provided the support during various periods of 
design for the stowed tilt rotor systems.  The object of the value 
studies was to analyze the functional intent of alternate design 
concepts with respect to the total requirement and to indicate cost 
excesses existent in each alternative approach prior to concept 
selection.  The essential elements of MIL-V-38352 were used as the 
method of operation. 

Two different studies were performed.  The first was a comparison 
between flatwise and edgewise folding of the rotor blades.  Four 
different methods of actuation were compared.  The second study was 
aimed at reducing the cost of the hub structure. 

In order to arrive at the relative value of each alternate, the 
following steps were followed in the studies: 

1. Functional analysis 

2. Development of alternatives 

An example of this is shown for the basic vs 
the clamshell hub concept 

3. Cost analysis of alternates by: 

(a) Procuring vendor forging costs both recurring 
and non-recurring. 

(b) Determining manufacturing in-house fabrication 
manhours with the use of standard shop industrial 
engineering data, factory efficiency factors, 
cosmetic factors, etc., for unit value at 100 
units. 

(c) Applying the improvement values for 00 units/250 
aircraft with Boeing-Vertol methodology for cumu- 
lative values for 500 units. 

(d) Applying the 1971 Boeing-Vertol dollar rates 
which are comparable to the industry average 
dollar rates. 

(e) Determining the rate tooling costs from in-house 
estimates. 

(f) Completing detail value engineering detail cost 
study sheets to support the value engineering 
final cost analysis charts, 
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Costing System and Ground Rules 

A combination of detailed standard data, historical costing data 
and Boeing-Vertol pricing structure were applied to the design 
concepts.  costs are based on production quantity of 250 aircraft 
manufactured for 1971 dollar rates.  Adjustment for the escalation 
of dollars over the next decade has not been included. 

1. Costs include direct, burden and G & A. 
Profit has not been included. 

2. Costs for common items to all four schemes have been 
excluded from the system configuration tradeoff study. 

3. Estimates are preliminary and are valid for comparison 
purposes only and are not related to selling price. 

Folding Scheme and Actuator Tradeoff 

Four alternate schemes were evaluated not only for subsystem inter- 
faces that are high in costs or degree of complexity but also to 
determine production feasibility and delta costs for each alternate 
scheme.  Based on the degree of information, illustrated on prelim- 
inary layouts for Schemes 2, 3 and 4, the approach to obtain the 
delta costs was to eliminate all items that are common to the 
four schemes.  The common items were selected from Figure 3 which 
shows the baseline scheme with rotary hydraulic actuator. 

Table 5.6 shows a summary of the results and indicates that the flat 
fold scheme with actuation by electric jackscrews (folding method 
number 2) is the most economical system from a cost point of view; 
however. Scheme 4 can be designed using one failsafe actuator with 
a linkage to move all blades simultaneously and this can reduce the 
cost of Scheme 4 by approximately $7000 per aircraft which will make 
Scheme 4 comparable to Scheme 2 in cost. 

Two sets of recurring cost numbers are shown in Table 5.6, the cost 
as estimated from the preliminary drawings and the anticipated pro- 
duction cost, based on a value judgment of further optimization of 
the design.  The cost numbers in Table 5.6 also reflect the follow- 
ing risk and high cost areas: 

1.  All Folding Methods 

(a) Locking mechanism for locking rotor blade 
in operation. 

(b) Cam for flat fold blades 
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hrERNATE DESIGN CONCEPTS  SUMMARY 

DOLLARS-COSTS OF COMMON ITEMS TO ALL CONCEPTS ARE CXCLUDCO. 
IRe.Cvj*»W>NC       CO STS 

IfORAUüC 
fcTUATOR 

MOUNTING 
«t ACrUATO« 
WIN6 A^gY- 

«LIDC PtATt 

OIL   CAM 

INtT4UÄl 
Tft  A5«'y. AIRCRAFT 

Pen asoA/e 
CO NT «ACT 

AHTlCinKTtO PHOD   COST 

PER       IptRaSOA/c 
AlRCRAfr CONTRACT 

8. 7?.^ '51,164 7,610,000 

4,3/G f i n.Tce ^942,000 14, «G8 ',3,542,000 

|6;400 90O »,94-4- ^ 5, 8oo r7,Z54 
I' 
4,313,500 18,654- 4,713,5-00 

112,800 '5,580 19/2.4.0 '^8/0,000 20,840 5, a 10, ooo 

M 9, 500 

I^SZO 
If 
4,830,000 
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2. Folding Method #1 

(a)  High cost of development of the hydraulic actuator, 

3. Folding Method #3 

(a) Synchronization of the hydraulic actuators 
for  the  sliding  ring. 

(b) Binding  of the   swashplate   in  the  track due 
to  loading. 

The above  items  are  isolated as  probable  technical  risk areas  and 
there  is  no  reliable means  to determine  the degree  of production cost 
at this date.     However,   the anticipated production costs  shown in 
Table  5.6   indicates a presumed  estimate. 
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Value Engineering Analysis of the Hub Structure 

The rotor hub design concept illustrated in Figure 3 was selected 
for a detail cost selection study because of the high cost for 
machining and material scrappage during fabrication of the integral 
one piece unit.  An alternate clamshull concept consisting of two 
halves bolted together was considered as a substitute.  Detail 
layout« (Figure 15) were completed to prove clamshell feasibility 
and to provide cost evaluation.  Two materials 6AL-4V titanium and 
4340 steel were analyzed.  Sealing for the clamshell concept will 
be provided by "0" ring seal in a groove at the mating surfaces. 

Tables 5.7 and 5.8 show the clamshell hub concept is 24% cheaper for 
a steel hub and 23% cheaper for a titanium hub.  The cost of hubs 
for 250 aircraft is shown in Figures 16 and 17.  Figures 18 and 19 
show the improvement in manufacturing hours per hub with number of 
hubs. 
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VALUE ENGINEERING 
COST STUDY SHEET 

DATE:    6-23-71 
V.E. NO.: 101P 

TABLE 5.7  STEEL HUB PRODUCTION COST PER AIRCRAFT 

TITLE:     HUB - STOWED TILT ROTOR 

DRAWING:   213-10400     MATL. 4340 STEEL 

DESCRIPTION: THIS SHEET SHOWS PRELIMINARY PRODUCTION COSTS PER A/C, 
BASED ON 2 50 A/C PRODUCTION 

COSTS 6. SAVINGS TO IMPLEMENT THIS CHANGE IS AS FOLLOWS: 

ITEM NON-RECURRING 
INTEGRAL             |        CLAMSHELL 

RECURRING PER A/C 
INTEGRAL       1     CLAMSHELL 

ENGINEERING — — i 

rOOLING(PRODUCTION) $   75,000 $100,000 

MANUFACTURING SlO.fiSf, j       $   7.300 

MATERIAL — 22,584 17,630 

SERVICE  ENGRG. —   
i 
i 

MFG.   PECULIAR 
TO   CtAMfiHRT.T. 

1 

i                  540 

VENDOR  TOOLING 55,500 13!:,700 __ 
1 

I 

I 

TOTAL $130,500 
L 

$235,700 $33,400 1      $25,478 

IMPLEMENTATION COST 

SAVINGS/COST PER A/C 

BREAK EVEN POINT - 
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VALUE ENGINEERING 
COST STUDY SHEET" 

DATE:        6-10-71 
V.E.  NO. :101P 

TABLE   5.8     TITANIUM HUB  PRODUCTION COST PER AIRCRAFT 

TITLE:        HUB-STOWED   TILT   ROTOR 

DRAWING:   213-10400 MATL.     TITANIUM  6AL-4V 

DESCRIPTION: THIS   SHEET   ILLUSTRATES   PRELIMINARY  PRODUCTION  COSTS   PER 
A/C,   BASED   ON  250 A/C   PRODUCTION 

COSTS 6.  SAVINGS  TO   IMPLEMENT THIS  CHANGE   IS AS  FOLLOWS: 

ITEM NON-RI 
INTEGRAL 

XURRING 
CLAMSHELL 

RECURRING PER A/C 
INTEGRAL       1       CLAMSHELL 

ENGINEERING 

..... 

TOOLING(PRODUCTION) $   7 5.000 $100,000 

MANUFACTURING $16,908 $10,030 

MATERIAL 61,356 49,440 

SERVICE ENGRG. 
MFG.   PECULIAR 
TO  CLAMSHELL 764 

VENDOR TOOLING 59.000 161.000 

TOTAL $134,000 $261,000 $78,264 $60,234 

IMPLEMENTATION  COST 

SAVINGS/COST  PER  A/C 

BREAK EVEN  POINT  = 

VALUE ENGINEER 
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Figure   16.     Cost  of  Steel Hubs   for   250  Aircraft 
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Figure 17.  Cost of Titanium 250 Aircraft 
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